A High Resolution Atmospheric Model (HiRAM) at 20-km resolution is adopted to simulate tropical storm (TS) activity over the western North Pacific (WNP) and Taiwan/East Coast of China (TWCN) at the present time (1979 -2003) and future climate (2075 -2099) under the Intergovernmental Panel on Climate Change (IPCC) fifth assessment report (AR5) representative concentration pathway (RCP) 8.5 scenarios. The results show that in contrast to TS simulation activities in most of the low-resolution climate models, TS activities except intensity over the WNP and TWCN region are well simulated by HiRAM at 20-km resolution. The linkage between large-scale environments and TS genesis simulated by HiRAM are dramatically superior to those in low-resolution fifth Coupled Model Intercomparison Project (CMIP5) models. During 2075 -2099, both TS genesis numbers and TS frequency over the WNP and TWCN are projected to decrease consistent with the IPCC AR5 report. However, the rate of decrease (49%) is much greater than that projected in IPCC AR5. The decrease in TC genesis numbers under global warming is primarily attributed to the reduction in mid-level relative humidity and large-scale ascending motion, despite the warmer sea surface temperature (SST) providing more favorable conditions for TS formation. TS intensity and the maximum precipitation rate are projected to increase under global warming. At the end of the 21 st century, the mean precipitation rate within 200 km of TS storm center over the TWCN region is projected to increase by 54%.
INTRoduCTIoN
Extreme rainfalls and flood disasters in Taiwan are contributed mainly by the passage of typhoons that are formed in the western North Pacific (WNP) and propagated northwestward by the large-scale flow. The rainfall associated with typhoons is also an important water resource in Taiwan. The potential changes in typhoon frequency, intensity and precipitation over the WNP under global warming are an interesting scientific issue and also important economic and social issues for Taiwan and Asian coastal communities.
The effects of global warming on tropical cyclones (TCs) have been investigated and updated by many studies (e.g., Emanuel et al. 2008; Knutson et al. 2010 Knutson et al. , 2013 Murakami and Sugi 2010; Murakami et al. 2011 Murakami et al. , 2012 Murakami et al. , 2014 Ying et al. 2012; Camargo 2013; Emanuel 2013) , since Intergovernmental Panel on Climate Change (IPCC) fourth assessment report (AR4) (IPCC 2007) published in 2007. Based on the fifth Coupled Model Intercomparison Project (CMIP5) projection, IPCC fifth assessment report (AR5) (IPCC 2013) summarized that consistent with the IPCC AR4 assessment, global TC frequency was estimated to decrease at the end of 21 st century. However, TC frequency changes for individual basins show large variations among different modeling studies (IPCC 2013) .
Although the thermodynamic effects of global sea surface temperature (SST) warming and increased moisture are favorable to TC activities, the regional dynamic effects such as enhanced vertical wind shear may provide unfavorable conditions for TC activities (e.g., Vecchi and Soden 2007; Knutson et al. 2010) . The opposing thermodynamic and dynamic effects in individual basins may cause uncertainty and difficulty in future regional scale TC projections (Grossmann and Morgan 2011) .
Another potential uncertainty in future TC activity projections may result from low-resolution model bias in CMIP5 models (Camargo 2013; Murakami et al. 2014) . The resolutions of typical global climate models may be inadequate for meaningful TC intensity and structure simulations (e.g., Sugi et al. 2002; Yoshimura et al. 2006; Knutson et al. 2007 ). Most of the CMIP 5 models underestimated TC frequency and TC intensity over the WNP and the globe (Yokoi et al. 2012; Camargo 2103) . Camargo (2013) found that among the 14 CMIP5 models analyzed, the model with the highest horizontal resolution performed the best on global TC activity. The difficulty and uncertainty of future TC projections in individual basins may be attributed to both computational limitations and the opposing thermodynamic and dynamic effects (Grossmann and Morgan 2011) .
To reduce the uncertainty from climate model bias a few studies attempted to use dynamic and/or dynamicstatistical downscaling approaches with high-resolution regional models to simulate TC activity (e.g., Knutson et al. 2010 Knutson et al. , 2013 Murakami et al. 2012; Emanuel 2013) . In general, these studies projected an increase in TC intensity with A1B (IPCC 2007) or representative concentration pathway (RCP) 8.5 (IPCC 2013) emission scenarios. However, the changes in the number of TCs projected in individual basins are less consistent between these high-resolution modeling studies. Murakami et al. (2012) projected a significant reduction in both TC genesis number and frequency of occurrence over the WNP with A1B emission scenarios during 2075 -2099 , while Emanuel (2013 showed that both the frequency and intensity of TCs were projected to increase in the WNP using a dynamic-statistical downscaling approach with RCP 8.5 (IPCC 2013) emission scenarios.
The change in TC frequency over the WNP under global warming remains uncertain. Few studies have addressed the physical mechanisms responsible for the changes in TC activity with IPCC AR5 new emission scenarios using reliable high-resolution models. The purpose of this study is to investigate how and why TC changes occur in the WNP in a warmer climate RCP 8.5 scenario using a High Resolution Atmospheric Model (HiRAM) at 20 km horizontal resolution. In addition, the genesis potential index (GPI) originally developed by Emanuel and Nolan (2004) and modified by Murakami and Wang (2010) is adopted to examine the physical mechanisms responsible for the changes in TC number. The remainder of this paper is organized as follows: Section 2 introduces the datasets; section 3 introduces the HiRAM simulation design and the detection algorithm for tropical storm (TS) in HiRAM; section 4 presents the present simulation assessment and future projection of typhoon activity over WNP; section 5 presents the simulation and projection of the TS landfall and the TS activity within Taiwan/East Coast of China (TWCN) regions; section 6 discusses the dynamic and thermodynamic factors associated with TS formation. A summary of the results is given in section 7.
dATA
The National Centers for Environmental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR; Saha et al. 2010 Saha et al. ) from 1979 Saha et al. -2003 are used to examine largescale circulations over the WNP. The horizontal resolutions of these thermodynamic and dynamic variables are 0.5° longitude by 0.5° latitude. The monthly mean Hadley Center SST at a resolution of 1° × 1° (Rayner et al. 2003 ) is also used in this study.
The 6-hourly best-track data for TCs published by the Joint Typhoon Warning Center (JTWC 2008) are obtained to examine TS activity. Only TCs with a maximum wind speed exceeding 17 m s -1 (intensity of TSs) are considered in calculating TS activity. In addition, TS formation locations are restricted to the regions from 0 -35°N and from 100 -190°E.
Three hourly precipitation data from Tropical Rainfall Measuring Mission (TRMM, Liu et al. 2012 ) 3B42 V6 data are used to estimate the rainfall associated with TS. The satellite precipitation retrievals data resolution is 0.25°.
ModEl ANd METHodS

Model Simulation design
The HiRAM, originally developed by the Geophysical Fluid Dynamics Laboratory (GFDL) is adopted to simulate TC activities with horizontal resolutions of about 0.23° longitude by 0.23° latitude. This model utilizes hydrostatic finitevolume cubed-sphere dynamic core (Putman and Lin 2007; Harris and Lin 2013) . All simulations use 32 vertical levels as in Zhao et al. (2009) and have a constant-pressure top at 10 hPa. Other model formulation details are described in the studies of Zhao et al. (2009) and Chen and Lin (2011) .
A time slice method (Bengtsson et al. 1996 ) is applied in this study in which the high resolution atmospheric general circulation model (AGCM) is forced using prescribed SSTs as the lower boundary condition. This study simulates the typhoon activity at the present time (1979 -2003) and future (2075 -2099) projections. The present time simulation is based on the Atmospheric Model Intercomparison Project (AMIP) type. The lower SST boundary conditions and sea ice concentration (SIC) in the future projection are obtained from a CMIP5 multimodel ensemble mean under the RCP 8.5 scenarios. The inter-annual variations in SST and SIC in the future are assumed to be similar to those of the present time.
detection Algorithm for TS
The objective algorithm developed by Vitart (1997 Vitart ( , 2003 and Knutson et al. (2007) is adopted to identify TSs in the model. The criteria used in this study are similar to those used in Knutson et al. (2007) but with some modifications. This objective algorithm includes two steps, which are Potential storm identification and Storm tracking. The criteria for these two steps used in this study are described as follows. Potential storm identification: The TS detection algorithm first locates the position of intense vortices with a warm core for each 6-hour period as follows.
(1) The maximum relative vorticity at the 850 hPa exceeds 1.5 × 10 -4 . (2) The closed minimum sea level pressure is defined as the center of the storm. (3) The closest local maximum average temperature between 500 and 300 mb is located and defined as the center of the warm core. (4) The maximum wind speed at 10 m exceeds 17.5 m s -1 . Storm tracking: After storms are located for each 6-hour period, an objective procedure is applied to find the storm trajectories as follows.
(1) For each storm, we examine whether there are storms that appear in the following 6-hour time period within a distance less than 750 km. (2) To be considered as a model TS trajectory, a trajectory must last at least 3 days.
PRESENT SIMulATIoN ANd FuTuRE PRojECTIoN ovER THE WNP
This study assessed typhoon activity at the present time (1979 -2003) and future (2075 -2099) projections under the IPCC RCP 8.5 scenarios using the HiRAM. The TS activity examined in this study includes TS numbers, TS track, TS intensity, and TS landfall.
TS Numbers
The seasonal cycle of TS numbers in the WNP for 1979 -2003 is shown in Fig. 1 . TS numbers increase significantly from June with a peak in August (Fig. 1) . The seasonal cycle of TS numbers is well captured by HiRAM (Fig. 1) , although HiRAM overestimates the TS numbers in agreement with the study of Zhao et al (2009) using HiRAM at 50 km resolution. The correlation coefficient between the simulated and observed seasonal cycle of TS numbers is 0.94. At the end of the 21 st century, TS numbers are projected to significantly decrease from June to November (JJASON) in the future projection (Fig. 1) .
We focus on TS activities in the TS active season from JJASON in this study. Figure 2 depicts the TS formation frequency spatial distribution during JJASON. The average number of TSs during summer and fall is 23 per year (Fig. 2a) , which accounts for 84% of the annual total TS number. The climatological mean of the TS number simulated from HiRAM during JJASON is 27 (Fig. 2b) . Although HiRAM overestimates the TS numbers, the TS formation frequency spatial distribution is well captured by HiRAM (Fig. 2b) .
Although TS numbers are projected to decrease by the majority of CMIP3 and CMIP5 models (IPCC 2013), the change rates in TS genesis frequency in coarse resolution CMIP3 and CMIP5 models range broadly from -70 to +60% (Ying et al. 2012) . There are better agreements in the TS number change projection in the WNP among the limited studies using high-resolution models. The TS frequency change rate projected by high-resolution models under A1B (e.g., Murakami et al. 2012 Murakami et al. , 2014 and RCP 4.5 (Knutson et al. 2015) scenarios are confined from -20% to -35%. Under the strongest warming scenario RCP 8.5 used in this study, the TS formation frequency is projected to significantly decrease by -49% during 2075 -2099 (Fig. 2c) . The decrease in total TS frequency is contributed mainly by the significant decrease in TS frequency over the southern part of the WNP region (Fig. 2c) .
To explore the relationship between TS formation and large-scale circulation, the TS formation frequency spatial distribution and large-scale circulation during typhoon peak season from July to September (JAS) are depicted in Fig. 3 . Most TS are formed in the monsoon trough ( Fig. 3a) and the easterly and westerly convergence region where the easterlies and westerlies converge (Fig. 3a) . The dynamic link between large-scale circulation and TS formation in autumn is similar to that in summer (not shown) except that the monsoon trough in summer is replaced by a strong cyclonic circulation over the WNP in autumn (Tsou et al. 2014 ). These results indicate that the monsoon trough and low-level convergence are vital factors for TS formation and development (Holland 1995 The TS formation frequency spatial distribution and gross monsoon trough features, subtropical high and convergence region are well captured by HiRAM (Fig. 3b) . Simulated TS in HiRAM are also formed in the monsoon trough and zonal wind convergence region (Fig. 3b) . Compared to the observations, the simulated monsoon trough is stronger than the observations consistent with greater TS formation number in HiRAM.
Compared to the present time, the monsoon trough will weaken, while the subtropical high will be enhanced (Fig. 3c) . Associated with the monsoon trough weakening, an anomalous anticyclone circulation will occur to the north of the Philippines in the future which will suppress the formation and development of TSs (Fig. 3d) . These features imply that the large-scale circulation may induce an unfavorable environment for TS formation in the future, although SST warming provides a favorable condition for TS formation in the future global warming world. The thermodynamic and dynamic conditions responsible for the TS numbers decreasing in the future warming world will be further investigated in section 6.
TS Track and Frequency
Figure 4 depicts the TS track and frequency for observation, present simulation, and future projection. TS frequency is estimated by the total number of TSs passing over a 2.5° × 2.5° grid box. In general, TS tracks over the WNP can be classified into three typical tracks ( Fig. 4a ): westward, northwestward, and northeastward recurving (e.g., Ho et al. 2004; Wu and Wang 2004; Camargo et al. 2007 ). The primary TS frequencies coincide with the monsoon trough (Figs. 3a, 4d), since most of TS are formed and developed along the monsoon trough.
The gross TS track and TS frequency features are well simulated by HiRAM, (Figs. 4b and e), although the TS frequency pattern in HiRAM shifts slightly to the east of the observation (Fig. 4e) . The spatial pattern correlation coefficient between the simulation and observation TS frequency over the WNP (110 -180°E, 0 -40°N) is 0.83.
Accompanied by the reduction in TS formation numbers, all three types of TS tracks will be reduced in the future projection (Fig. 4c) . Murakami et al. (2012 Murakami et al. ( , 2014 found that TS frequency will shift eastward under A1B scenario, resulting in a reduction in TS frequency in the western part of the WNP. However, in this study, TS frequency over the entire WNP region will be reduced significantly (Figs. 4f and g ) consistent with the dramatically decreasing TS formation numbers in the future over the WNP.
TS Intensity
TS intensities recorded by JTWC and simulated by Hi-RAM are defined as the maximum 1-min mean sustained wind speeds and maximum instantaneous wind speeds at 10-m height, respectively. The inconsistency in the definition of TC intensity between JTWC (1-min mean sustained wind speeds) and other datasets (10-min mean sustained wind speeds) was noted by Simiu and Scanlan (1978) . They found that the strength of the 10-min mean sustained wind speeds is statistically 88% of the 1-min mean sustained wind speeds. The differences between the instantaneous wind speed strength from the models and 1-min (or 10-min) mean sustained wind speeds from the observations have not been addressed in the literature. It is possible that instantaneous wind speeds are greater than the 1-min mean sustained wind speeds.
TS intensity is classified into 5 categories based on the Saffir-Simpson Hurricane intensity scale (Simpson and Riehl 1981) . Figure 5 displays the frequency of Category 1 to 5 storms. The majority of the TSs are weak TSs (Category 1 and 2) or intense TSs (Category 4 and 5). HiRAM overestimates the number of weak TSs, while seriously underestimates the intense TSs (Fig. 5a) . Therefore, HiRAM underestimates the mean lifetime maximum intensity (LMI; the maximum intensity achieved during a storm's lifetime). HiRAM at 20 km horizontal resolution is unable to simulate the Category 4 and 5 storms, which is similar to the findings of other high-resolution model studies (e.g., Knutson et al. 2008 Knutson et al. , 2013 Bender et al. 2010; Murakami and Sugi 2010) .
The decrease in the total TS numbers in future projections ( Fig. 2c) is contributed mainly by the decrease in Category 1 to 3 storms (Fig. 5b) . On the contrary, the frequency of Category 4 TSs is projected to increase in the future. In addition, HiRAM may underestimate the number of Category 5 TS in the future, since HiRAM is unable to simulate Category 4 and 5 TS. Thus, the mean LMI is only projected to increase slightly.
The mean TS wind speed distribution over the WNP is shown in Fig. 6 . The mean TS wind speed is determined by the mean wind speed of TSs passing over each 2.5° × 2.5° grid box. The greatest mean TS wind speed is located east of Taiwan over the region (120 -140°E, 15 -30°N, Fig. 6a ). The gross feature of the mean TS wind speed spatial distribution is well simulated by HiRAM, although the mean wind speed simulated from HiRAM is slightly weaker than the observations (Fig. 6b) . The pattern correlation between the mean wind speed simulation and observation distributions over the WNP is 0.78.
TS mean wind speed is projected to significant increase over the East Asian Coast Area (west of 130°E, Figs. 6c and d), especially for the region near and north of Taiwan, while TS mean wind speed is projected to change slightly or decrease over the ocean south of 20°N. The significant increase in TS wind speed over the East Asian Coast area is in agreement with the projection by Emanuel (2013) which projected a significant increase in the power dissipation index over the East Asian Coast. This indicates that the intensity of the northwestward moving and recurved TS will increase at the end of the 21 st century, although the TS numbers will reduce.
TS Rainfall
TS often bring heavy rainfall especially in the eye wall regions. To determine the maximum rainfall associated with TS we estimate the maximum precipitation rate within 200 km of the storm center at the LMI time. A composite of the maximum precipitation rate for all TSs is shown in Fig. 7 . The observational precipitations generally possess a symmetrical structure in their inner core (Fig. 7a) , without detailed eye wall and rain band structure. The maximum precipitation rate is located within 100 km of the storm center. This may be partially due to the satellite retrieval limitation and composite of different TSs. HiRAM captures the rainfall spatial distribution with stronger inner structure (Fig. 7b) , including a clearly discernible eye at the storm center and asymmetrical rain bands surrounding the storm. During 2075 -2099, the mean precipitation rate within 200 km of TSs over the WNP is projected to increase in a warmer climate (Fig. 7c) . The average rain rates within 200 and 100 km are projected to increase by 22 and 23%, respectively. This result is in agreement with the findings of previous studies using high-resolution models (e.g., Knutson et al. 2010 Knutson et al. , 2013 Lin et al. 2015) . The increase of rainfall is consistent with the warming of SST. Warmer SST will produce greater rainfall associated with TS (Lin et al. 2015) .
Summary of Simulation and Projection of TS Activity over the WNP
The simulation and projection of typhoon activity over the WNP is summarized in Table 1 . HiRAM overestimates the number of TSs over the WNP (column 1 in Table 1 ). However, the spatial distribution of TS formation and frequency are well simulated by HiRAM (column 2 in Table 1 ).
The simulated TS genesis numbers and TS frequency distribution by HiRAM at 20 km are significantly better than those predicted by low-resolution CMIP5 models (Camargo 2013) . The TS number is projected to decrease at the end of the 21 st century (column 1 in Table 1 ) in agreement with previous studies (e.g., Zhao et al. 2009; Murakami et al. 2012 Murakami et al. , 2014 Ying et al. 2012) . The rate of change -49% is much greater than that in the IPCC AR5 report (IPCC 2013) . The TS frequency change projection over the WNP remains uncertain.
HiRAM overestimates the number of weak TSs (column 3 in Table 1 ), while it seriously underestimates the number of intense TSs (column 4 in Table 1 ). Therefore, the simulated mean LMI (the maximum intensity achieved during a storm's lifetime) is weaker than the observations (column 5 in Table 1 ). This intensity simulation feature is similar to that in previous results using high-resolution models with IPCC AR4 scenarios (e.g., Knutson et al. 2008 Knutson et al. , 2013 Bender et al. 2010; Murakami and Sugi 2010) . HiRAM at 20 km is unable to simulate Category 4 and 5 TSs. During 2075 -2099, weak TSs are projected to decrease significantly (column 3 in Table 1 ), which results in a significant decrease in the TS numbers, while the number of intense TSs are projected to increase (column 4 in Table 1 ).
The maximum mean precipitation rate within 200 km of the storm center at LMI time is estimated and composited (column 6 in Table 1 ). Due to satellite retrieval limitations, the mean maximum precipitation rate of observation may be underestimated (column 6 in Table 1 ). At the end of the 21 st century, the mean precipitation rate within 200 km of the storm center at LMI time in the WNP is projected to increase by 22%. 
TS lANdFAll SIMulATIoN ANd
PRojECTIoN ovER TAIWAN ANd THE EAST CoAST oF CHINA
TS landfall
Based on the climatological TS tracks (Fig. 4a ) and the study of Wu and Wang (2004) , the TS landfall regions are classified into three regions: Taiwan and the east coast of China (TWCN), the South China Sea region (including Philippines, SCS), and the Japan region (JP). If TS enters the SCS and then moves to the TWCN region, it is counted as one in SCS and one in TWCN.
During the June-November period the number of TSs affecting TWCN, SCS, and the JP region are 9, 8, and 9, respectively (Fig. 4a) . TS landfall numbers over the TWCN region are well captured in the HiRAM 20-km model. Nevertheless, HiRAM overestimates the TS landfall numbers over the JP region. It is interesting to note that the overestimation of total TS numbers in HiRAM is contributed mainly by the overestimated TS numbers that recurve east of 130°E.
TS landfall numbers in all three regions is projected to reduce in the future projection (Fig. 4c ) consistent with the dramatically decreasing TS formation numbers and frequency in the future in the WNP. Figure 8 depicts the TS track and frequency affecting the TWCN region. Most of the TS landfalls are formed west of 150°E (Fig. 8a) and then move northwestward. Thus, the greatest TS frequency is located in the region (110 -130°E, 15 -25°N, Fig. 8d ). The gross TS tracks and TS frequency features affecting the TWCN regions are well simulated by HiRAM (Figs. 8b and e) . The spatial pattern correlation coefficient between TS frequency distribution for simulation and observations over the WNP is 0.87. Again, the TS frequency surrounding the TWCN region is projected to significantly decrease in the future (Figs. 8f and g ) due to the reduction in TS formation numbers.
TS Activity over Taiwan and East Coast of China
The TS mean wind speed distribution affecting TWCN regions is shown in Fig. 9 . The greatest TS mean wind speed is located east of Taiwan over the region (120 -140°E, 15 -30°N, Fig. 9a ), which is similar to the maximum mean TS wind speed over the WNP (Fig. 6a) . TS weaken as they approach the Asian landmass (compare Figs. 6a and 9a) . The gross spatial distribution feature of the mean wind speed is well simulated by HiRAM, although the mean TS wind speed simulated from HiRAM is slightly weaker than the observations (Fig. 9b) . The pattern correlation between the mean wind speed distribution affecting TWCN region for simulation and observations over the WNP is 0.71. HiRAM projects a significant increase in the mean TS wind speed (Figs. 9c and d) . The location of maximum mean wind speed is projected to shift northward and westward within the TWCN region in the future period (Fig. 9c) . This result indicates that the TS intensity within TWCN will increase at the end of the 21 st century, although the TS numbers will decrease.
We define a regional maximum intensity index (RMI) as the maximum intensity achieved within TWCN region to distinguish between the intensity of TS landfall within the TWCN region and the whole WNP. Figure 10 displays the RMI frequency within the TWCN region. The RMI intensity is also classified using the Saffir-Simpson Hurricane intensity scale. The majority of TSs affecting the TWCN region are weak TSs (Category 1 and 2) when they approach the Asian landmass. HiRAM well simulates the number of weak TSs, while underestimates intense TSs (Fig. 10) . There are few intense TSs within the TWCN region. Thus, the RMI simulation within the TWCN region by HiRAM is better than the LMI simulations over the WNP.
The decrease in TS landfall numbers within the TWCN region in future projections are contributed mainly by the decrease in the number of weak TSs (Fig. 10) . The frequency of Category 3 and 4 TSs within TWCN is projected to increase in the future.
To determine the maximum rainfall within the TWCN regions we estimate the maximum precipitation rate within 200 km of the storm center at RMI time. A composite of the maximum precipitation rate for all TSs affecting TWCN region is shown in Fig. 11 . Despite the regional maximum wind speed (as RMI) within the TWCN region becoming weaker than that projected by LMI over the WNP, the magnitude of mean maximum precipitation rate in TSs within the TWCN region is comparable to that over the WNP. In addition, the observational TS precipitation within the TWCN generally possesses an asymmetric structure with heavier precipitation over the southwest quadrant (Fig. 11a) . The TS precipitation within the TWCN region may be strongly influenced by large scale southwesterly flow. HiRAM captures the spatial distribution of rainfall with heavier precipitation over the southern part of the TS center (Fig. 11b) . During 2075 -2099, the mean maximum precipitation rate within 200 km of TS within TWCN region is projected to increase (Fig. 11c) . The average rain rates within 200 and 100 km are projected to increase by 54 and 50%, respectively. The change rates are greater than those over the WNP. It is interesting to note that more intense heavy precipitation will be accompanied by TSs affecting Taiwan and the East Coast of China region, despite the majority of those TSs becoming weak TSs.
Summary of Simulation and Projection of TS Activity over the TWCN
The simulation and projection of typhoon activity over the TWCN is summarized in Table 2 . The climatological mean number of TSs making landfall in the TWCN region is well simulated by HiRAM (column 1 in Table 2 ). The number of TSs within the TWCN region is also projected to decrease significantly during 2075 -2099, which is consistent with the dramatic decrease in TS numbers over the WNP (column 1 in Table 1 ). The gross feature of the TS frequency spatial distribution affecting the TWCN region is also well simulated by HiRAM (column 2 in Table 2 ).
Since TSs weaken as they approach the Asian landmass and TWCN regions, a RMI as the maximum intensity achieved within TWCN region is defined and computed in this study. The RMI intensity is also classified by the Saffir-Simpson Hurricane intensity scale. The majority of TSs within the TWCN are weak TSs (columns 3 and 4 in Table 2 ). Therefore, the RMI within the TWCN region (RMI) (column 5 in Table 2 ) are weaker than the LMI (column 3 to 5 in Table 1 ). HiRAM well estimates the number of weak TSs, while underestimates the number of intense TSs (columns 3 and 4 in Table 2 ). The RMI simulation within the TWCN region by HiRAM (column 5 in Table 2 ) is better than the LMI simulations over the WNP (column 5 in Table 1 ) due to less intense TSs occurring in TWCN region. At the end of the 21 st century, weak TSs within the TWCN region are projected to decrease significantly (column 3 in Table 2 ), resulting in a significant decrease in the TS numbers, while the number of intense TSs is projected to increase slightly (column 4 in Table 2 ).
The magnitude of mean maximum precipitation rate within 200 km of the TS storm center at RMI time within the TWCN (column 6 in Table 2 ) is comparable to that over the WNP (column 6 in Table 1 ). It is suggested that the largescale southwesterly may play an important role in the maximum precipitation rate of TS. At the end of the 21 st century, the mean precipitation rate within 200 km of TS within the TWCN region is projected to increase by 54%. The change rate is greater than that over the WNP. This indicates that people within the TWCN region will be affected by more intense heavy rainfall associated with TSs in the future.
MECHANISMS RESPoNSIblE FoR THE CHANgE
The TC GPI is adopted to investigate the mechanisms responsible for the decrease in TS formation numbers during 2075 -2099. A modified version of the GPI (Murakami and Wang 2010 ) is used in this study. The vertical motion effect is incorporated into the original GPI formula (Emanuel and Nolan 2004) 
where h is the absolute vorticity (s -1 ) at 850 hPa, RH is the relative humidity (%) at 600 hPa, V pot is the maximum TC potential intensity (PI, m s -1 ). The PI calculation is based on the work by Bister and Emanuel (1998) . V is the vertical wind shear magnitude (m s -1 ) between 850 and 200 hPa, and ~ is the vertical pressure velocity (Pa s -1 ) at 500 hPa. Figure 12 shows the climatological large-scale environmental conditions associated with the GPI index and TS formations. For the favorable dynamic environmental conditions, TSs are formed in the region where monsoon trough (Fig. 12a) , the easterly and westerly convergence region (Fig. 12a) , the low-level cyclonic vorticity region (Fig. 12c) , ascending motion (Fig. 12c) , and weak vertical wind shear (Fig. 12d) occur. For the favorable thermodynamic environmental conditions, TS are formed in the region where SST (Fig. 12b) and mid-level relative humidity (Fig. 12b) are greater than 27°C and 60%, respectively. These large-scale features over the WNP provide favorable conditions for TS growth consistent with the GPI index.
The gross large-scale circulation spatial distribution features including monsoon trough and Subtropical high are well simulated by HiRAM (Fig. 12e) although HiRAM overestimates the monsoon trough strength. HiRAM also overestimates the mid-level relative humidity (Fig. 12f ) and upward motion (Fig. 12g) , while underestimating the vertical wind shear (Fig. 12h) . Compared to the observations, the simulated large-scale environments in the WNP provide more favorable condition for TS growth consistent with the overestimate of TS numbers by HiRAM.
Simulated TSs are formed in the region where simulated monsoon trough, zonal wind convergence (Fig. 12e) (a) the low-level cyclonic vorticity region (Fig. 12g ) and weak wind shear occur (Fig. 12h) . The dynamical and thermodynamic relationship between the large-scale environment and TS genesis are well captured by HiRAM. Figure 13 shows the projection changes (2075 -2099 minus 1979 -2003) in the large-scale environmental conditions associated with TS genesis for HiRAM. Although warmer SST and weaker vertical wind shear (Figs. 13b and d) during 2075 -2099 are favorable for TS formation, an anomalous anticyclonic circulation (Fig. 13a ) associated with the monsoon trough weakening, reduced mid-level relative humidity (Fig. 13b) , decreased low-level cyclonic vorticity and large-scale ascending motion (Fig. 13c) provide unfavorable atmospheric conditions for TS genesis. The combined effects of these large-scale environments on TS genesis are unknown and analyze further through GPI. Figure 14 displays the GPI spatial distribution for observation, simulation and projection. The maximum GPI region over the WNP (Fig. 14a) is coincided with the maximum TS formation frequency locations (Fig. 3a) . This indicates that the gross features of the TS formation are well represented by GPI. GPI simulated in HiRAM is greater than that observed. In addition, the maximum GPI region simulated in HiRAM occurs to the north of the observation (Fig. 13b) . These features are consistent with the TS genesis numbers simulation, which are greater than observation and the maximum TS genesis region shifts to the north of the observations. HiRAM projects a significant decrease in GPI in the region (110 -160°E, 10 -25°N, Figs. 14c and d) , which are similar to the decrease in TS numbers in the future (Fig. 13a) .
The GPI result in this study is dramatically different from the findings in CMIP5 low-resolution models (Camargo 2013) which show poor relationship between GPI and total TC numbers in the models. Compared with low-resolution models, HiRAM simulates more realistic GPI and TS genesis number patterns.
To assess the importance of individual large-scale variables change in GPI during 2075 -2099, we recalculated the GPI change contributed from each individual variable by varying only one particular variable for the future projection value, while all of the other three variables remain unchanged with the present time value. The projected change in GPI is shown in Fig. 15 . The negative GPI anomalies that appeared in the region (110 -160°E, 10 -25°N, Fig. 15a ) are primarily contributed by the reduction in mid-level relative humidity (Fig. 15d ) and large-scale ascending motion (Fig. 15e) . The decrease in 850 hPa absolute vorticity associated with monsoon trough weakening plays a secondary role in the decrease in GPI (Fig. 14 c) . Thus, the combined effects of the largescale environment reduce GPI and TS genesis numbers, despite that the warmer SST (Fig. 15b ) and the reduced vertical wind shear (Fig. 15f) contribute to the increase in GPI under global warming.
SuMMARY
This study investigated the potential changes in TS activities over the WNP under global warming, especially for the Taiwan and East Coast of China regions, which are strongly affected by the extreme rainfalls associated with typhoons. A HiRAM at 20 km was adopted to assess the typhoon activity at the present time (1979 -2003) (2075 -2099) projections under the RCP 8.5 scenarios. The climatological mean TS genesis frequency and track in the WNP region are well simulated by HiRAM at 20 km resolution, consistent with the previous studies using HiRAM at 50 km resolution (e.g., Zhao et al. 2009 ). HiRAM at 20 km resolution overestimates the weak TS numbers, while it seriously underestimates the number of Category 4 and 5 TSs. Therefore, the simulated mean LMI (the maximum intensity achieved during a storm's lifetime) is weaker than the observations. This deficiency in TS intensity simulation can also be found in previous results using high-resolution models with IPCC AR4 scenarios (e.g., Knutson et al. 2008 Knutson et al. , 2013 Bender et al. 2010; Murakami and Sugi 2010) .
The TS number is projected to decrease at the end of the 21 st century in this and previous studies (e.g., Zhao et al. 2009; Murakami et al. 2012 Murakami et al. , 2014 Ying et al. 2012 ). However, the change rate in TS frequency in coarse resolution CMIP3 and CMIP5 models range broadly (IPCC 2013) . Under the strongest warming scenario RCP 8.5 used in this study, the rate of change -49% simulated by HiRAM is greater than those predicted by previous studies using high-resolution models under A1B and RCP 4.5 scenarios (e.g., Murakami et al. 2012 Murakami et al. , 2014 Knutson et al. 2015) . The significant decrease in the number of TSs in future HiRAM projections results mainly from the significant decrease in weak TS numbers. The number of intense TSs are projected to increase.
At the end of the 21 st century the mean precipitation rate within 200 km of the storm center at LMI time (LMI; the maximum intensity achieved during a storm's lifetime) over the WNP is projected to increase by 22%, consistent with previous studies (e.g., Knutson et al. 2010 Knutson et al. , 2013 Lin et al. 2015) .
The climatological mean TS activities making landfall in the TWCN region is well simulated by HiRAM. The majority of TSs within the TWCN are weak because TSs weaken as they approach the Asian landmass and TWCN regions. A RMI as the maximum intensity achieved within TWCN region is defined and computes in this study. The TS intensity simulation within the TWCN region by HiRAM is better than that over the WNP due to less intense TSs occurring in TWCN region.
The number of TSs within the TWCN region is projected to decrease significantly during 2075 -2099, which is consistent with the dramatic decrease in TS numbers over the WNP. Weak TSs within the TWCN region are projected to decrease significantly, resulting in a significant decrease in the TS numbers, while the number of intense TSs will increase slightly.
At the end of the 21 st century, the mean precipitation rate within 200 km of TS within the TWCN region is projected to increase by 54%. The change rate is greater than that over the WNP. This indicates that people within the TWCN region will be affected by more intense heavy rainfall associated with TSs in the future.
A modified version of the GPI (Murakami and Wang 2010 ) is adopted to investigate the mechanisms responsible for the decrease of TS formation numbers during 2075 -2099. In this study, HiRAM at 20 km simulates realistic patterns of GPI and TS genesis numbers. In addition, GPI and TC numbers are closely related to each other. These results are dramatically superior to the simulated GPI and TS genesis numbers from low resolution CMIP5 models (Camargo 2013) . The projection changes in the decrease in GPI under global warming are primarily attributed to the reduction in mid-level relative humidity and large-scale ascending motion, despite the warmer SST and the reduced vertical wind shear contribute to the increase in GPI under global warming. The monsoon trough weakening plays a secondary role in the decrease in GPI.
